Bioethanol production is achieved by only two metabolic pathways and only at moderate temperatures. Herein a fundamentally different synthetic pathway for bioalcohol production at 70°C was constructed by insertion of the gene for bacterial alcohol dehydrogenase (AdhA) into the archaeon Pyrococcus furiosus. The engineered strain converted glucose to ethanol via acetate and acetaldehyde, catalyzed by the host-encoded aldehyde ferredoxin oxidoreductase (AOR) and heterologously expressed AdhA, in an energy-conserving, redox-balanced pathway. Furthermore, the AOR/AdhA pathway also converted exogenously added aliphatic and aromatic carboxylic acids to the corresponding alcohol using glucose, pyruvate, and/or hydrogen as the source of reductant. By heterologous coexpression of a membrane-bound carbon monoxide dehydrogenase, CO was used as a reductant for converting carboxylic acids to alcohols. Redirecting the fermentative metabolism of P. furiosus through strategic insertion of foreign genes creates unprecedented opportunities for thermophilic bioalcohol production. Moreover, the AOR/AdhA pathway is a potentially game-changing strategy for syngas fermentation, especially in combination with carbon chain elongation pathways.
Bioethanol production is achieved by only two metabolic pathways and only at moderate temperatures. Herein a fundamentally different synthetic pathway for bioalcohol production at 70°C was constructed by insertion of the gene for bacterial alcohol dehydrogenase (AdhA) into the archaeon Pyrococcus furiosus. The engineered strain converted glucose to ethanol via acetate and acetaldehyde, catalyzed by the host-encoded aldehyde ferredoxin oxidoreductase (AOR) and heterologously expressed AdhA, in an energy-conserving, redox-balanced pathway. Furthermore, the AOR/AdhA pathway also converted exogenously added aliphatic and aromatic carboxylic acids to the corresponding alcohol using glucose, pyruvate, and/or hydrogen as the source of reductant. By heterologous coexpression of a membrane-bound carbon monoxide dehydrogenase, CO was used as a reductant for converting carboxylic acids to alcohols. Redirecting the fermentative metabolism of P. furiosus through strategic insertion of foreign genes creates unprecedented opportunities for thermophilic bioalcohol production. Moreover, the AOR/AdhA pathway is a potentially game-changing strategy for syngas fermentation, especially in combination with carbon chain elongation pathways.
Archaea | metabolic engineering | hyperthermophile | carbon monoxide | aldehydes P roduction of alcohol-based biofuels from renewable feedstocks is currently achieved by only a very limited number of metabolic pathways (1, 2) . The US bioethanol industry depends on glucose conversion by yeast wherein pyruvate (C 3 ) is decarboxylated to acetaldehyde and then reduced to ethanol (C 2 ) by a monofunctional alcohol dehydrogenase. The other major pathway is found in some anaerobic bacteria, wherein glucose-derived pyruvate is oxidized to acetyl-CoA, and this is further reduced to ethanol by a bifunctional alcohol dehydrogenase (AdhE) (3, 4) . Recently, there has been increasing interest in microorganisms that produce longer-chain alcohols (>C 2 ), which have superior characteristics as fuel molecules compared with ethanol, to replace fossil fuels (1, 2) . In this case, glucose conversion requires microbial strains engineered to produce one specific alcohol at a time. For example, the acetone-butanol-ethanol fermentation pathway, found in some Clostridia, has been adapted in yeast, Escherichia coli, and a few other bacteria (2, 5) to produce isopropanol or l-butanol. Similarly, n-propanol, 2-methyl-1-butanol, 3-methyl-1-butanol, and 1-butanol are side products of amino acid fermentation by yeast (2) , and modified pathways have been expressed in E. coli to produce a specific alcohol (6) . In addition, isopentanol can be produced by a variation of the isoprenoid biosynthesis pathway in engineered E. coli (2) .
Production of bioalcohols at temperatures above 70°C has several advantages over ambient-temperature processes, including lower risk of microbial contamination, higher diffusion rates, and lower cooling and distillation costs (7) . However, very few microorganisms able to grow at such temperatures are able to generate ethanol from sugar (8) (9) (10) , and no bacterium growing above 70°C produces an alcohol other than ethanol. In addition, no member of the domain Archaea is known to produce any alcohol as a major product, regardless of growth temperature. Herein, we describe the metabolic engineering of an archaeon to produce not only ethanol but a range of alcohols at 70−80°C via a synthetic pathway not known in nature and fundamentally different from those previously known.
The archaeon Pyrococcus furiosus grows optimally near 100°C (11) by fermenting simple and complex sugars to acetate, carbon dioxide, and hydrogen gas (12) . P. furiosus has an unusual EmdenMeyerhof pathway for the conversion of glucose to pyruvate because reductant is channeled not to NADH but to the redox protein ferredoxin (Fd; Fig. 1 ) by glyceraldehyde-3-phosphate (GAP) Fd oxidoreductase (GAPOR). Reduced Fd is reoxidized by a membrane-bound, energy-conserving H 2 -evolving hydrogenase (12) . Pyruvate produced by glycolysis is subsequently oxidized to acetyl-CoA by pyruvate Fd oxidoreductase (POR), and acetyl-CoA is converted by ATP-forming acetyl-CoA synthetase (ACS) to acetate. P. furiosus was recently metabolically engineered to generate end products other than acetate in a temperature-controlled manner without the need for chemical inducers. Lactate was produced from glucose, and 3-hydroxypropionate was produced from carbon dioxide and glucose, using heterologously expressed enzymes encoded by foreign genes obtained from microbes that grow near 75°C (13, 14) . At 98°C, the foreign enzymes were inactive and the engineered P. furiosus strains generated acetate, but near 70°C, the engineered strains produced either lactate or 3-hydroxypropionate instead.
The primary goal here was to engineer P. furiosus to produce ethanol near 70°C, applying a similar approach. We found that,
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The microbial production of ethanol (bioethanol) is a massive commercialized technology. Though alcohols with longer carbon chains are chemically much better suited for current transportation needs, their biotechnological production remains challenging. Here we have engineered the model hyperthermophile Pyrococcus furiosus to produce various alcohols from their corresponding organic acids by constructing a synthetic route termed the AOR/AdhA pathway. Our study is also the first example, to our knowledge, of significant alcohol formation in an archaeon, emphasizing the biotechnological potential of novel microorganisms. Moreover, we show that carbon monoxide and hydrogen (syngas) can be used as the driving forces for alcohol production. The application of the AOR/AdhA pathway in syngasfermenting microorganisms is potentially a game-changing platform technology for the production of longer bioalcohols.
unexpectedly, the insertion of a primary alcohol dehydrogenase, AdhA, led to the production of not only ethanol but also of a variety of bioalcohols from their corresponding organic acids. We used gene deletion analysis and 13 C labeling to elucidate the biochemical pathway, and hypothesize it might be a remnant of an ancient energy-conservation mechanism. Furthermore, a P. furiosus strain A/Codh was developed that expresses a multisubunit carbon monoxide dehydrogenase. That strain used carbon monoxide as the electron donor for organic acid reduction to bioalcohols, emphasizing the biotechnological versatility and potential of the new synthetic pathway.
Results and Discussion
For ethanol production, the foreign genes to be inserted into P. furiosus encoded the bifunctional AdhE and the monofunctional AdhA enzymes, which generate ethanol from acetyl-CoA and acetaldehyde, respectively (9, 15) . The genes were obtained from the thermophilic bacterium Thermoanaerobacter strain X514, which grows near 70°C (16) . These genes were inserted, individually and in combination, into the P. furiosus genome (17) , yielding strain E (containing adhE), strain A (containing adhA), and strain EA (containing adhE and adhA; Fig. 2A and SI Appendix, Fig. S1 and Table S1 ). As expected, when grown at 98°C, no AdhA or AdhE activity could be detected in cell extracts of any strain, although both activities were measured when the strains were grown at 72°C (Fig. 2B) . The activity of AdhA was lower in cell extracts of strain EA compared with those of strain A, possibly due to a lower expression level of adhA, because it is the second gene in the synthetic operon inserted into strain EA. Surprisingly, however, at 72°C, strain E produced very little ethanol, only slightly more than the trace amounts produced by the parent strain (Fig. 2C) . This result might be explained by high activity of the P. furiosus enzyme ATP-forming ACS, which competes with AdhE for the substrate acetyl-CoA (18) . Even more unexpected was that strain A generated very high amounts of ethanol (>20 mM), even more than that produced by strain EA (Fig. 2C ) with very little acetate (<2 mM; Fig. 2D ).
Because AdhA can generate ethanol only from acetaldehyde, and P. furiosus strain A does not contain bifunctional AdhE activity (Fig. 2B) , acetyl-CoA is not likely to be the source of this acetaldehyde for ethanol production. Acetaldehyde could arise in P. furiosus from the decarboxylation of pyruvate, which was previously shown to be a significant side reaction of POR (19) . Alternatively, it could arise by the reduction of acetate by P. furiosus aldehyde Fd oxidoreductase (AOR). This enzyme is highly expressed in P. furiosus when grown on sugars or peptides, and it has been shown to catalyze the reverse reaction in vitro, the oxidation of various aldehydes to their corresponding acid. It is thought that the in vivo function of AOR is to oxidize toxic aldehydes generated from the 2-ketoacids that are produced during sugar and peptide fermentation. However, this hypothesis has not been experimentally verified (20) .
To distinguish between pyruvate or acetate as the source of acetaldehyde, 13 C-labeled acetate was added to P. furiosus strain A growing at 72°C on sugar (the disaccharide maltose), and the isotopic composition of the ethanol produced was analyzed. Approximately 50% of the ethanol formed after 40 h incubation contained the 13 C label (SI Appendix, Fig. S2 ); this can only occur if the acetaldehyde for ethanol production was derived from the added labeled acetate, which was subsequently diluted by unlabeled acetate produced from maltose degradation. To prove that AOR was responsible for reducing the acetate to acetaldehyde, the gene encoding AOR (PF0346) was deleted in strain A. As expected, the new P. furiosus strain A/Δaor, containing Thermoanaerobacter strain X514 AdhA but lacking the host's AOR, generated only trace amounts of ethanol from maltose, similar to that of the original parent strain (SI Appendix, Fig. S3 ). It is not clear if AOR normally generates any acetaldehyde from acetate in wild-type P. furiosus (lacking AdhA) and, if so, how that the acetaldehyde is further metabolized. In any event, the properties of strain A call into question the previously proposed role of AOR (20) .
The proposed synthetic pathway for ethanol production in P. furiosus strain A is shown in Fig. 1 . Acetate generated from glucose oxidation is reduced by AOR, and the acetaldehyde produced is reduced to ethanol by heterologously expressed AdhA. As indicated in Fig. 1 , ethanol production from glucose is redox balanced. Reduced Fd for acetate reduction by AOR is supplied by POR and GAPOR ( Fig. 1) , whereas the NADPH for ethanol production by AdhA must also be generated from reduced Fd; this could occur either by ferredoxin NAD(P) oxidoreductase or from H 2 via the cytoplasmic hydrogenase (SHI) of P. furiosus. In addition, energy is conserved in the form of ATP by the ACS reaction. Consequently, this synthetic pathway theoretically converts 0.5 mol of glucose to 1 mol of ethanol and 1 mol of CO 2 , according to Eq. 1:
Because the synthetic pathway converted the added 13 C-labeled acetate to ethanol, we investigated whether other exogenously supplied organic acids would similarly be converted to their corresponding alcohol by the AOR/AdhA pathway; this would seem likely because AOR has a very broad substrate specificityit oxidizes the decarboxylated forms of keto acids derived from the transaminated derivatives of virtually all 20 amino acids (21) . Hence, when 40 mM butyrate was added to a culture of P. furiosus strain A at 72°C, almost 30 mM butanol was generated (Fig. 3A   Fig. 1 . Sugar fermentation coupled to alcohol production by P. furiosus strain A. Glucose from sugars is oxidized to acetate and CO 2 and ferredoxin is reduced by GAPOR and POR. In the engineered strain A, acetate is reduced to acetaldehyde by AOR and then reduced to ethanol by the heterologously expressed AdhA from Thermoanaerobacter strain X514. The redox balance is maintained by the production of H 2 by the energy-conserving, membranebound hydrogenase (MBH) and H 2 oxidation by SHI. Organic acids added exogenously are reduced to the corresponding aldehyde and alcohol by AOR and AdhA, respectively, using reductant generated by glucose oxidation.
and SI Appendix, Fig. S4 ) with the reductant supplied by glucose, according to Eq. 2:
Similar results were obtained when propionate, isobutyrate, valerate, isovalerate, caproate, or phenylacetate were added to P. furious strain A, generating propanol, isobutanol, 1-pentanol, isoamylalcohol, 1-hexanol, and phenylethanol, respectively (Fig. 3A) . When butyrate was added to strain A/Δaor, insignificant amounts of butanol were formed (Fig. 3C) , once more demonstrating the essential role of AOR in alcohol formation. P. furiosus strain A must, therefore, metabolize the sugar (maltose) to provide reductant for the conversion of the added acid to the corresponding alcohol ( Fig. 1 and Eq. 2). Consequently, one would expect acetate to be also generated as the oxidized end product, and this was the case (Fig.  3A) . Furthermore, ethanol was produced by the reduction of the acetate generated from sugar oxidation according to Eq. 1 (Fig. 3A) . As shown in Fig. 3B , with butyrate as the added acid, acetate and butanol were produced in a 1:1 ratio (Eq. 2). Because butyrate was provided in great excess (100 mM), only minimal amounts of ethanol were produced. Under growth conditions, almost 40 mM (3 g·L −1 ) butanol was generated at a rate of 0.34 mmol·h −1 ·g of protein. P. furiosus can also grow with pyruvate as a carbon and energy source, and so pyruvate should be able replace maltose and supply reductant via POR for butyrate reduction, and this should also result in the formation of ATP (Fig. 1 and Eq. 3). As shown in Fig. 3D , this proved to be the case. The acetate:butanol ratio is predicted to be 2:1 for redox balance (Eq. 3), and this was confirmed experimentally (Fig. 3D) . Hydrogen gas (H 2 ) could also be used as a source of reductant in addition to pyruvate (Fig. 1) . Use of H 2 is predicted to result in the production of equimolar amounts of butanol and acetate (Eq. 4), and this was also demonstrated in vivo (Fig. 3D ).
2 pyruvate + butyrate + 2 ADP + 2 Pi → 2 acetate + butanol + 2 CO 2 + 2 ATP
[3]
Hence, exogenous acid to alcohol conversion by P. furiosus strain A can be driven by the oxidation of glucose, pyruvate, or pyruvate plus H 2 . Hydrogen gas cannot be used as the sole source of reductant for alcohol production, however, because its redox potential [H 2 /H + , E 0 ′ = −414 mV (pH 7.0)] is low enough to reduce NADP (E 0 ′ = −320 mV) but not low enough to drive the reduction of P. furiosus Fd (E 0 ′ = −480 mV) (22) for the AOR reaction. In contrast, carbon monoxide (CO) oxidation is a very low potential reaction (CO/CO 2 , E 0 ′ = −558 mV) that could potentially be coupled to Fd reduction for the AOR reaction, but P. furiosus does not metabolize CO (or any other C1 compound). Using a bacterial artificial chromosome, we genetically inserted into the chromosome of P. furiosus strain A the 16-gene operon encoding the complete carbon monoxide dehydrogenase/membrane-bound hydrogenase complex (CODH; SI Appendix, Fig. S5 ) of the carboxydotrophic thermophile Thermococcus onnurineus, which oxidizes CO to H 2 and CO 2 at 80°C (23, 24) . Remarkably, engineered P. furiosus strain A/Codh was able to use the strong reducing power of CO to produce high concentrations of the alcohol from the corresponding acid at 72°C. For example, the COdependent production of isobutanol (70 mM) from isobutyrate (105 mM) by strain A/Codh is shown in Fig. 4A .
CO oxidation is not coupled to the production of acetate or any other organic compound (Fig. 4B) , in contrast to the use of glucose or pyruvate to drive alcohol production by P. furiosus (SI Appendix, Fig. S6) . A cell suspension of strain A/Codh used CO as the only electron source to drive the AOR/AdhA pathway and convert isobutyrate to isobutanol, with no other products (except for CO 2 from CO oxidation; SI Appendix, Fig. S7 ). Organic acids are therefore converted to the corresponding alcohol with minimal input of the host's energy metabolism (Fig. 4B) . The CODH complex is thought to convert CO to H 2 and CO 2 without the involvement of intermediate electron carriers like ferredoxin in T. onnurineus, but this cannot be the case in P. furiosus. Because H 2 cannot be the sole source of reductant for organic acid production, T. onnurineus CODH expressed in P. furiosus must also reduce Fd directly, thereby allowed the resulting P. furiosus strain A/Codh to use CO as reductant for the reduction of organic acids by the AOR/AdhA pathway (Fig. 4B) . CO-dependent conversion of acids to alcohols also results in H 2 production (SI Appendix , Fig. S7) ; therefore, though CODH reduces P. furiosus Fd directly for the AOR reaction, the NADPH for the AdhA reaction is supplied at least in part via H 2 and SHI (Fig. 4B ). However, no net H 2 production was observed until isobutanol production slowed down (Fig. 4A) . The use of CO to provide the reducing equivalents to convert organic acids to their corresponding alcohols has great potential for using industrial syngas (CO and H 2 ) as both an energy source and a carbon source in microbial fermentations to convert organic acids generated from H 2 and CO 2 (25) to the corresponding alcohol. Hence, remarkably, with the introduction of a single foreign enzyme, encoded by adhA from Thermoanaerobacter strain X514, P. furiosus can convert glucose to ethanol as well as various organic acids to the corresponding alcohol. Moreover, with the introduction of second enzyme, CODH, CO can serve as the sole source of reductant for the reduction of structurally diverse acids, including aliphatic (C 2 -C 6 ) and aromatic (phenyl acetate) derivatives. Accordingly, we found that recombinant AdhA (produced in P. furiosus) was able to reduce C 2 -C 6 aldehydes and phenyl acetaldehyde to the corresponding alcohol, and thus it has a broad substrate spectrum, matching that of AOR (21) (SI Appendix, Fig. S8 ). AdhA also has high affinities for acetaldehyde, butyraldehyde, and NADPH, with apparent Michaelis constant (K m ) values of 63, 166, and 31 μM, respectively (SI Appendix, Fig. S9 ), and so it is able to efficiently reduce the aldehydes generated by AOR. Maximal activity of AdhA was produced in P. furiosus when cells were grown in the 70 to 77°C range, representing the optimal temperature for production and folding of the AdhA polypeptide (SI Appendix , Fig. S10A) ; this correlates well with the optimum temperature for in vivo production of butanol from butyrate (70−80°C; SI Appendix, Fig. S10B ). In fact, some butanol was still produced at 94°C, which corresponds to the upper limit for AdhA activity (SI Appendix, Fig. S8 ).
Conversion of organic acids to the corresponding alcohols has been reported using the mesophilic anaerobic bacterium Clostridium ljungdahlii (26) grown with CO as the energy source.
Although the mechanism and pathway of carbon and electron flow has not been demonstrated, it likely proceeds via activation of organic acids to their CoA ester and CO-derived reducing equivalents are used to form alcohols from the acyl-CoA esters. In contrast, the synthetic AOR/AdhA pathway of P. furiosus for CO-dependent acid-to-alcohol conversion does not involve CoA derivatives (Fig. 4B ). There are also reports suggesting that cellfree extracts and/or cell suspensions of the anaerobic bacteria Moorella thermoacetica and Clostridium formicaceticum catalyze a "through reduction" of acids to alcohols (27) (28) (29) . These reactions were performed using CO, formate or H 2 as electron donors in the presence of artificial viologen dyes as electron carriers. However, the fermentation of glucose to ethanol via an AOR/AdhA-type pathway has not been shown previously. Moreover, direct involvement of AOR in microbial alcohol production from organic acids has not been previously demonstrated. It is the low potential fermentative pathway of P. furiosus, where ferredoxin is the sole electron acceptor of sugar oxidation that fuels the AOR reaction and alcohol production.
Conversion of organic acids to alcohols might have a primordial origin, because the synthesis of organic acids from CO 2 has been shown experimentally using metal catalysts (30) . Furthermore, C 2 -C 6 carboxylic acids have been postulated to be the dominant carbon species in early earth hydrothermal vents based on thermodynamic considerations (31) . P. furiosus was isolated from a hot marine vent system (11) , and archaea in general are considered by some as the most primitive of all life forms. AOR might, therefore, be a remnant of an ancient pathway for energy conservation in a reducing early earth environment, where geochemically formed organic acids could have served as electron acceptors with carbon monoxide as the potential electron donor.
Materials and Methods
Transformation of P. furiosus. Escherichia coli XL1 Blue-MRF′ (Agilent Technologies) was used to amplify plasmid DNA. Plasmid DNA purification was performed using the StrataPrep Plasmid Miniprep Kit (Agilent). Extraction of DNA from P. furiosus, transformation of P. furiosus, screening of transformants, and strain purification were performed as previously described, except that the defined medium contained maltose (5 g·L −1 ) instead of cellobiose as the sole growth substrate. The DNA sequence modification of isolated P. furiosus strains was verified by sequencing as previously described (17) . Primers used to construct the strains, all plasmids, and all strains are listed in SI Appendix, Fig. S1 and Tables S1 and S2.
Construction of adhA-Containing Strains A, E, EA, and A/Codh. P. furiosus strain COM1 (17) served as the parent strain for genetic manipulations for the heterologous expression of the bifunctional aldehyde/alcohol dehydrogenase AdhE (Teth514 0627; GeneID: 5876124) and the primary alcohol dehydrogenase AdhA (Teth514 0564; GeneID 5877753) from Thermoanaerobacter strain X514 (16) . Genomic DNA was isolated according to Zhou et al. (32) . adhE was amplified from genomic DNA by PCR using the primer pairs AdhE-Pslp-F/ AdhE-R2 (for construction of plasmid pMB303SLP) or AdhE-Pslp-F/AdhE-SphI-R (for construction of plasmid pMB304SLP). AdhA (for construction of plasmid pMB303SLP) was amplified using AdhA-F2/AdhA-SphI-R. The constitutive promoter P slp was amplified from genomic DNA of P. furiosus with the primer set Pslp-SacII-F/Pslp-adhE-R. Fusion products of P slp and adhE or adhE and adhA were obtained by overlap PCR. Products from overlap PCR were digested with the restriction enzymes SacII and SphI and ligated into plasmid vector pSPF300 as described previously (13) to make plasmids pMB303SLP (containing adhE and adhA under control of Pslp) and pMB304SLP (containing only adhE under control of Pslp). pMB303SLP contained a ribosomal binding site of the cold-induced protein CipA (P cipA RBS, 16 bases) between adhE and adhA. pMB303SLP and pMB304SLP were used for transformation of P. furiosus strain ΔpdaD. For transformation of P. furiosus strain COM1, the P slp -adhE-adhA or P slpadhE fusions were amplified from pMB303SLP and pMB304SLP using the primer pairs Pslp-SphI-F/AdhA-AscI-R or Pslp-SphI-F/AdhE-AscI-R, respectively, and additionally introducing the hpyA1 terminator T hpyA1 (17) . The resulting PCR products were digested with AscI and SphI, and then ligated into plasmid pGL007 (14) to make plasmids pMB403SLP and pMB404SLP. Plasmid pMB407SLP for construction of strain A ( Fig. 2A) is derived from plasmid pMB403SLP. Using the primers AdhA-Pslp-F/SP2.055, everything but the adhE gene was amplified from plasmid pMB403SLP, and the PCR product was assembled to yield plasmid pMB407SLP using a Gibson Assembly Master Mix (NEB). All plasmids were digested with the restriction enzyme NdeI, and the resulting linear DNA was used to transform strain COM1 to yield strains EA, E, and A ( Fig. 2A) .
A linear DNA construct was used for a knockout of the aor gene (PF0346) in strain A to make strain AΔaor. First, the marker P gdh pyrF was removed from strain A by selection on 5-fluoroacetic acid (17) to yield strain MW610. Then, primer pairs AOR1/AOR2 and AOR3/AOR4 were used to amplify 500-bp regions upstream and downstream of PF0346. AOR5/SP2.037 and SP2.088/AOR6 were used to amplify the marker P gdh pyrF from pGL007 (14) . The PCR products were combined by overlap PCR, and the resulting DNA fragment containing the marker P gdh pyrF flanked by 500-bp regions upstream and downstream of PF0346 was used to transform strain A. The deletion was verified by PCR and sequence analysis. Fig. S5 ). The pGL058 plasmid was linearized using the unique PvuI restriction site on the BAC vector backbone before transformation of P. furiosus strain MW610.
Cultivation of the Strains and Alcohol Production Experiments. Thermoanaerobacter strain X514 was cultivated at 65°C on complex medium used for cultivation of thermophilic heterotrophic anaerobes (modified DSMZ 516 medium) with 5 g·L −1 cellobiose as electron donor (34) . P. furiosus (DSM 3638) was routinely grown at the indicated temperatures with 5 g·L
maltose and 2 g·L −1 yeast extract as described previously (13) . A total of 20 μM uracil (Sigma Chemical) was added as needed (17) . In temperature-switch experiments, cells were grown at 95°C until mid-to late-exponential growth phase (0.5−1 × 10 8 cells), then cooled to 72°C and kept at this temperature for another 20−48 h as described previously (13, 14) . Growth was followed by cell counting and determination of cell protein concentration.
Cell Suspension Experiments. P. furiosus strain A and strain A/Codh were grown at 72°C for 4 d to reach high cell density (>1 × 10 8 cells per milliliter), pelleted by centrifugation (6,000 × g) for 10 min, and then resuspended in media (1/10 of the original culture volume to achieve a 10× concentration). Maltose, pyruvate (as the electron donor), and organic acids (as electron acceptors) were added in excess (≥40−100 mM). To test the effect of hydrogen or CO as the electron donor, the argon headspace was replaced by either gas (2 bar).
13
C-Acetate Conversion Experiment. The 10-mL cultures of P. furiosus strain A were supplied with 8-mM double 13 C-labeled sodium acetate (sodium acetate-13 C 2 ; Sigma-Aldrich) in addition to 5 g·L −1 (unlabeled) maltose and incubated at 72°C. Samples were taken from the cultures over a 4-d time course to study the change in the carbon isotope signature of acetate and ethanol. Samples (100 μL) of spent media in 2-mL glass vials were acidified by addition of 10 μL 2 M H 2 SO 4 . Acidified samples were heated on a hot plate until boiling, and 1-to 4-μL samples were removed and analyzed by GC-MS to obtain 13 C/ 12 C ratios for acetic acid and ethanol. This ratio was taken to be equal to the ratio of the measured abundances for masses 62 and 60 for acetic acid and masses 45 and 47 for ethanol. Significant amounts of mixed compounds (containing both 13 C and 12 C) were not detected. A helium mobile phase was used at a head pressure of 12 psi on an Alltech Econo-Cap 30 m × 0.25 mm EC-WAX column (0.25-μM film) using a Hewlett Packard HP5890A GC with a Hewlett Packard 5971A electron ionization MS. The temperature was held at 40°C for a 3-min solvent delay and then increased to 220°C at a rate of 15°C/min where it was held for an additional minute. For acetic acid measurements in samples with high amounts of ethanol, the method was modified to begin at 100°C to avoid overloading the MS detector with ethanol while still obtaining sufficient signal for acetic acid. Mass spectra were collected at m/z of 40-200 at a scan rate of four scans per second.
Preparation of Cell Extracts and Enzyme Assays. P. furiosus cells were harvested by centrifugation for 10 min at 6,000 × g. Cells were lysed under anoxic conditions by osmotic shock in 50 mM Tris·HCl (pH 8.0) and 2 mM sodium dithionite, and additionally by a short sonication treatment (30 s, maximum 36 W). The lysis buffer contained 0.5 μg/mL DNase I (Sigma) to decrease the viscosity of the protein extract. Particles were removed by centrifugation at 30,000 × g for 10 min to yield the whole-cell extracts (S30). The supernatant of the whole-cell extract subjected to ultracentrifugation at 100,000 × g for 1 h yielded the cytoplasmatic protein fraction (S100). The protein content was determined using a standard Bradford assay. Whole-cell extracts and S100 were kept anoxic at all times, and enzyme activity assays were performed under reducing conditions in anoxic 50 mM Mops (pH 7.5) plus 2 mM DTT at 70°C. Unless noted otherwise, aldehyde dehydrogenase (E.C. 1.2.1.3) was determined by oxidation of NADH (0.2 mM) with acetaldehyde (1 mM) as the substrate, and alcohol dehydrogenase was determined by the oxidation of NADPH (0.2 mM) with butyraldehyde (1 mM) as the substrate. Absorption of both NADH and NADPH was measured at 340 nm (e = 6.22 M was measured by the oxidation of butyraldehyde (1 mM) with benzyl viologen (1 mM) as electron acceptor as described previously (35) . V max and K m values of AdhA were calculated using nonlinear regression (nls function) in R (36) . Standard Gibbs free energies ΔG°′ were calculated from the free energies of formation ΔG f°, which were taken from Thauer et al. (37) .
Chemical Analyses. Alcohols and organic acids were measured using an Agilent 7890A GC equipped with a Carbowax/20m column and an FID detector. Ethanol and organic acids were also determined using the Megazyme Ethanol Assay Kit (Megazyme) and using a Waters HPLC model 2690 equipped with an Aminex HPX-87H column (300 × 7.8 mm; Bio-Rad) and a photodiode array detector (model 996; Waters), respectively. Hydrogen and CO were determined on a GC-8A gas chromatograph (Shimadzu) equipped with a thermal conductivity detector and a molecular sieve column (model 5A 80/100; Alltech) with argon as the carrier gas.
